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論文内容要約 
The past decade has seen increasingly rapid development in the field of energy harvesting technology 
associated with internet of things (IoT) such as for application of wearable devices and monitoring sensors. 
This research field promotes to more demand in development of high performance of micro thermoelectric 
generator (µTEG) as one of the energy harvesting technologies. Thermoelectric generator utilizes one of the 
thermoelectric effects that can convert thermal energy to useful electrical energy. µTEG could act as a 
charger to IoT device battery or even replace the battery due to high ratio of output voltage over volume. 
µTEG development utilizes thermoelectric films produced by thin film technology compatible with 
microfabrication process. However, thermoelectric films frequently suffer from low performance 
thermoelectric properties specifically those synthesized in electrodeposition method. Low thermoelectric 
performance of materials directly contributes to low performance of a µTEG device. This research focuses on 
the improvement of bismuth telluride (Bi2Te3) film due to the fact that Bi2Te3 is the best material in 
thermoelectric performance at room temperature application. The pristine Bi2Te3 film is still very low in 
thermoelectric performance when compared to the bulk Bi2Te3. The overall thermoelectric performance (ZT) 
for the bulk Bi2Te3 can reach 0.8, while in electrodeposited film, the value dropped to 0.16. The calculation of 
ZT = (S2σ /κ) involves the values of Seebeck coefficient (S), electrical conductivity (σ) and thermal 
conductivity (κ) of a thermoelectric material. This research utilizes the electrochemical deposition in 
synthesis process due to certain advantages such as low raw material consumption, cheaper synthesis 
process and compatible to microfabrication with batch fabrication process. The nanocomposite method has 
been selected as the synthesis route to improve the Bi2Te3 film. The detail objectives of this research were 
categorized based on the issues of synthesis method, performance of thermoelectric properties, micro 
mechanical properties and output power in micro thermoelectrical generator (μTEG). The development of 
new bismuth telluride nanocomposites films incorporated with Pt nanoparticles, carbon nanotubes (CNTs) 
and porous carbon black (CB) nanoparticles have been successfully carried out using a three-electrode 
potentiostatic electrodeposition system.  
To date, the use of Pt nanoparticles for the inclusion in Bi2Te3 has not been investigated even in the bulk condition. The 
nanocomposite films were synthesized using potentiostaticly pulsed electrochemical co-deposition by varying the Pt 
nanoparticles concentration in the electrolyte solutions which contained nitric acid and bismuth-telluride. Prior to the deposition 
process, the electrolyte has been prepared by mixing with Pt nanoparticles that were already enveloped (commercially) with 
polyvinylpyrrolidone (PVP). The successfully synthesized films contented up to 1.9 wt.% of Pt nanoparticles. The surface 
morphology and the thickness were studied under scanning electron microscopy (SEM). Meanwhile, the element composition 
of the deposited film was analyzed using energy dispersive X-ray spectroscopy (EDX). Further study on the composition and 
the crystal size were carried out using X-ray diffraction (XRD) spectrum. All the electronic properties measurements that 
encompassed the Seebeck coefficient, electrical conductivity and carrier concentration were performed on the synthesized 
films that had been transferred onto epoxy resin substrate. The Seebeck coefficient and the electrical conductivity of the 
samples were measured at room temperature by steady state method using a Seebeck measurement system and a collinear DC 
four-probe system, respectively. Meanwhile the carrier concentration and mobility have been measured using van der Pauw 
Hall measurement method and a commercial device. The maximum Seebeck coefficient of the nanocomposite film for the 1.9 
wt.% Pt content has significantly increased about 1.6 times as compared to pristine Bi2Te3 film. Lower carrier concentration 
measured on higher deposited Pt wt.% of Pt/Bi2Te3 nanocomposite films contributes on higher Seebeck coefficient values as 
typically explained by the theory of nearly free electron. However, on the nanocomposite films, the electrical conductivity 
values reduce with lower average grain size. Lower carrier concentration obtained has resulted in lower electrical conductivity 
value, supported by lower value of carrier mobility. Although the recorded electrical conductivity of the nanocomposite film 
decreased as the deposited Pt nanoparticles rose, the calculated power factor still increased to more than twice than the pristine 
film due to the contribution of high Seebeck coefficient.  
This study found that as higher Pt nanoparticles deposited in the nanocomposite film, the grain size became smaller and the 
nanostructure experienced significant defects. The change of grain size and the defects existence benefit the phonon scattering 
enhancement. The enhancement was proven when the cross-plane thermal conductivity value gradually decreased as Pt 
nanoparticles wt.% in the nanocomposite film increased and the lowest value recorded at 0.87 Wm-1K-1. Thermal conductivity 
of deposited films was measured by a differential 3-omega (3ω) method. All the measurements were executed in vacuum 
condition and at a room temperature. Based on the increment of power factor and the lower thermal conductivity of the 
nanocomposite, the calculated ZT at room temperature increased significantly to 0.61. The increased ZT significantly exceeded 
the electrodeposited Bi2Te3 film from previous work. The ZT from the previous work only reached at 0.16, meanwhile this 
study has successfully improved the ZT up to 281% larger. The output power of the µTEG that utilized electrodeposited pure 
Bi2Te3 (N-type) and Sb2Te3 (P-type) from previous work was about 150µW (ΔT=~5K). The maximum output power of the 
validated TEG model that used the pristine materials as the previous work was developed in this study, and the calculated 
power reached to almost 380µW. Prior to the calculations works TEG model has been validated with the fabricated TEG 
device. With the integration of Pt/Bi2Te3 nanocomposite as N-type (replacing the Bi2Te3), the calculated maximum power 
output increased 1.8 times higher than that the pure Bi2Te3. 
Next, this study presented a novel method through an electrochemical co-deposition technique in incorporating two 
nanomaterials which are Pt nanoparticle and SWCNTs into Bi2Te3 matrix. The novel Pt-SWCNTs/Bi2Te3 nanocomposite films 
have been successfully synthesized with different Pt contents (up to 0.9 wt.%) but maintained at similar amount of SWCNTs 
(4.8 wt.%).  Up to now, no research that synthesized nanocomposite (in film or bulk condition) using both metal-nanoparticles 
and CNTs at the same time has been found. The existence of Pt nanoparticle and SWCNTs in the Pt-SWCNTs/Bi2Te3 
nanocomposite film changed both the grain size and the carrier concentration significantly as compared to the pure Bi2Te3 film. 
The overlapping of band-bending potential between the Pt nanoparticles leads to the reduction of electron density for the 
nanocomposite, reducing the electrical conductivity as the Pt content increase. The reduced electron concentration benefits the 
Seebeck coefficient of the nanocomposite, where the value significantly increased to almost twice than that of the pure Bi2Te3 
film. This resulted in the increased thermoelectric power factor about more than two-time increment at an optimized 0.6 wt.% 
Pt nanoparticles content.  
The impurity scattering mechanism caused by the Pt nanoparticles and SWCNTs in the Bi2Te3 phase was one of the factors 
that effectively scattered the mid-long wavelength phonons. As a result, the thermal conductivity attributed by the 
Pt-SWCNTs/Bi2Te3 nanocomposite films largely dropped to 0.5 Wm-1K-1. High Seebeck coefficient and low value of thermal 
conductivity for the nanocomposite films lead to a notable increase in ZT up to ~1.0 at room temperature and the ZT value 
remarkably surpassed the Bi2Te3 film from previous works. In comparison, the Pt-SWCNTs/Bi2Te3 nanocomposite film has 
improved ZT about 5.3 times higher than that of the Bi2Te3 film from previous work which has the maximum ZT about 0.16. 
With the integration of Pt-SWCNTS/Bi2Te3 nanocomposite as N-type in the TEG model, the calculated maximum power 
output has increased to 670 µW about 1.8 times higher than that the pure Bi2Te3. The increment was largely contributed from 
high power factor and a significant increase of temperature different simulated in the TEG device. In spite of the excellent 
thermoelectric properties, the mechanical strength in hardness and elastic modulus has also increased as compared to the 
pristine film. In previous work, Song et al. investigated the hardness value of the electrodeposited Bi2Te3 film which is at 0.4 
GPa. The hardness value of the Pt-SWCNTs/Bi2Te3 nanocomposite film has noticeably increased to about 1.7 times from the 
previous work of pristine Bi2Te3. 
A novel electrochemical co-deposition process of porous CB nanoparticles incorporated in Bi2Te3 matrix was developed 
as the third work of Bi2Te3 nanocomposite film in this study. For the first time, various of CB amount that composited with 
Bi2Te3 have been investigated in detail especially for the thermoelectric performances and the mechanical properties. Novel 
deposited CB/Bi2Te3 nanocomposite films with up to 4.3wt.% of CB nanoparticles have been synthesized. The impact of CB 
nanoparticles inclusion on the electrical conductivity performance was fascinating with the maximum value increased to 1,418 
S/cm at 4.3wt.% of CB nanoparticles, which is more than twice higher than that of pure an electrodeposited Bi2Te3 film. 
However, the trade-off comes to Seebeck coefficient performance of the nanocomposite films with the values gradually 
decreased as amount of CB nanoparticles inclusion increased. The power factor of CB/Bi2Te3 nanocomposite films had been 
compared with the electrochemical co-deposited MWCNTs/Bi2Te3 and SWCNTs/Bi2Te3 nanocomposite films. The 
comparison study shows that, only power factor of CB/Bi2Te3 nanocomposite films increased up to 15% increment while the 
power factor generated by the both CNTs/Bi2Te3 nanocomposite films were significantly reduced by about half than that of the 
pure Bi2Te3. The only reason for the increased power factor of the CB/Bi2Te3 nanocomposite films is because the Seebeck 
coefficient value did not severely dropped as compared to the CNTs/Bi2Te3 nanocomposite films.  
The thermal conductivity of the CB/Bi2Te3 nanocomposite films was found to be significantly decreased mainly due to the 
efficiency of CB nanoparticles in scattering the long-wavelength phonon. The computed ZT value of the nanocomposites film 
with 3.7 wt.% of CB nanoparticles has almost tripled than that of pure one. The ZT value of 0.6 exhibited by the CB/Bi2Te3 
nanocomposite  significantly exceeded the value of the pure Bi2Te3 film recorded from previous work (ZT=0.16). High ZT 
value possessed by CB/ Bi2Te3 nanocomposite contributed to higher calculated power output of TEG model as compared to 
the pristine Bi2Te3 application. The nanocomposite integrated in the TEG produced about 40% more electrical power up to 539 
µW.  This study also investigated the effect of CB nanoparticles in the nanocomposite on the micromechanical properties. An 
improvement of 25% in hardness was discovered on the nanocomposite and in the case of elastic modulus, the estimated value 
increased twofold than that of the pristine Bi2Te3. In comparison with the previous work, the inclusion of CB nanoparticles in 
Bi2Te3 film has successfully improved the hardness about 1.2 times from the electrodeposited pure Bi2Te3 film of the previous 
work. 
In conclusion, this research has successfully addressed the improvement needed for the micro thermoelectric generator 
(μTEG) device by improving the thermoelectric performance specifically on Bi2Te3-nanocomposites films. In line with the 
research motivation, the investigated Bi2Te3 nanocomposites films from this study has successfully improved the overall 
thermoelectric properties (ZT) as compared to the pristine Bi2Te3 film. As a result, the calculated output power generated from 
the modelled μTEG embedded with the studied nanocomposites has significantly increased. Apart from that, the developed 
nanocomposites films were proven to improve the micromechanical properties which is beneficial for micro device fabrication 
especially in µTEG development. 
 
